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Abstract
We have measured photoelectron angular distributions in the molecular frame
(MF-PADs) for O 1s photoemission from CO2, using photoelectron-O+–CO+
coincidence momentum imaging. Results for the molecular axis at 0, 45 and
90◦ to the electric vector of the light are reported. The major features of the
MF-PADs are fairly well reproduced by calculations employing a relaxed-core
Hartree–Fock approach. Weak asymmetric features are seen through a plane
perpendicular to the molecular axis and attributed to symmetry lowering by
anti-symmetric stretching motion.
(Some figures in this article are in colour only in the electronic version)
Photoelectron angular distributions in the molecular frame (MF-PADs) have been investigated
extensively for K-shell photoemission from the diatomic molecules CO and N2 [1–9]. The
MF-PADs for molecules aligned parallel to the electric vector of the linearly polarized light
exhibit rich structure in regions of shape resonances and provide a dynamical window on
the underlying partial-wave composition of the photoelectron as it scatters off the anisotropic
potential of the ion. It is worth noting that the observed MF-PADs for N2 display reflection
8 Present address: Shimadzu Research Laboratory, Wharfside, Trafford Wharf Road, Manchester, M17 1GP, UK.
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symmetry through a plane perpendicular to the molecular axis [1, 4, 6, 7], even if the
photoemission is related to asymmetric N+–N++ fragmentation [6]. On the other hand, those
for CO are asymmetric [2, 3, 5, 8], due to the asymmetric nature of the hetero-nuclear
diatom. Calculations employing Hartree–Fock and random-phase-approximation methods
and an extension of the standard multiple scattering approach reproduce key features of the
measured MF-PADs well [4, 7, 10].
MF-PADs for core-level photoemission from linear triatomic molecules have also been
investigated. MF-PADs for C 1s photoemission from CO2 [11, 12] display reflection symmetry
through a plane perpendicular to the molecular axis, even if the photoemission is related
to the asymmetric O+–CO+ fragmentation [12], while MF-PADs for O 1s, C 1s and S 2p
photoemission from OCS [13] are asymmetric, in analogy to N2 and CO, respectively.
Calculations employing a relaxed-core Hartree–Fock approach [12] and an extension of the
standard multiple scattering approach [13] reproduce the measured MF-PADs reasonably well,
but the agreement is less satisfactory than for the diatomic cases.
In the present work, we have extended our previous experimental and theoretical work on
C 1s MF-PADs [12] of CO2 to O 1s MF-PADs. The O 1s orbitals consist of symmetry-adapted
molecular orbitals 1σg and 1σu. The O 1s ionization threshold is at 541.254 eV [14]. On
the O 1s absorption spectrum, two shape resonances, 1σu → 5σ ∗g and 1σg → 4σ ∗u , appear at
∼542 eV, very close to the O 1s ionization threshold, and at ∼559 eV, about 18 eV above the
O 1s ionization threshold, respectively [15]. The MF-PADs of O 1s photoemission from CO2
have been previously reported only for the molecular axis parallel to the electric vector of the
light [16]; ions, however, defining the molecular axis were not specified. In this letter, we
report measured and calculated MF-PADs for O 1s photoemission from CO2 across the shape
resonances. In the experiment, we employ coincidence momentum imaging spectroscopy
in which coincidence signals between the O 1s photoelectron and the ion pair O+–CO+ are
selected [12]. In addition to the detailed comparison between the measured and calculated
MF-PADs, it is of interest to see whether reflection asymmetry appears in the MF-PADs
because of symmetry breaking induced by antisymmetric stretching vibrations in the O 1s
ionized state [17, 18].
The measurements were carried out on the c-branch of the figure-8 undulator beam
line 27SU at SPring-8, the 8 GeV synchrotron radiation facility in Japan [19–21]. With
acceptance angles employed in the present experiments, the degree of light polarization is
almost 100% on the beam axis [22]. The storage ring was operated in the several single-
bunches mode such as the 10 single-bunches + 1/12 and 18 single-bunches +1/21 filling modes,
which provide bunch intervals of 399.2 and 228.1ns, respectively, and permit electron TOF
measurements.
Coincidence measurements were recorded at seven photon energies between 543 and
574 eV. Our coincidence momentum imaging apparatus is based on a measurement of electron
and ion time of flight (TOF) with two multi-hit two-dimensional position sensitive detectors
[23–25]. Similar apparatus are used by other groups as well [9, 26, 27]. A supersonic jet of
CO2 in the vertical direction crosses the photon beam in the horizontal direction. The TOF
axis is in the horizontal direction and perpendicular to both the gas and photon beams. Ions are
accelerated by a uniform electrostatic field (0.59 V mm−1 for the measurement at the lowest
photon energy 543 eV and 1.12 V mm−1 for the measurements at other photon energies) to
a micro-channel-plate (MCP) detector at one end of the acceleration region while the same
field accelerates electrons to the other side where they enter the drift region. The lengths
of the electron acceleration and drift regions are 70 and 140 mm, respectively. A uniform
magnetic field (2.4 G for 543 eV and 10.2 G for the other photon energies) helps drive the
electrons towards the MCP detector at the end of the drift region [28]. Each MCP detector is
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fitted to a two-dimensional (2D) multi-hit readout delay-line anode (Roentdek9). This permits
measurements of both the time of detection and their 2D position coordinates and thus allows
us to extract three-dimensional (3D) momentum. Appropriate tuning gates select only those
electron signals synchronized with the single bunches and the TOF spectra of the electrons are
measured with respect to the bunch marker of the synchrotron radiation source. We record only
events in which at least two ions and one electron are detected in coincidence. The orientation
of the molecular axis at the time of photoemission is extracted from the momentum vectors of
the CO+ and O+ fragments resulting from Coulomb dissociation of CO2+2 subsequent to rapid
Auger decay. The electron energy and angular resolution varies as a function of energies. The
energy resolutions are 0.5 eV and 4 eV at photon energies of 543 eV and 574 eV, respectively,
while the angular resolutions are 12◦ and 5◦ at 543 eV and 574 eV, respectively. The ion
energy and angle resolutions are 0.5 eV and 2◦, respectively; they are constant for different
photon energies.
Our calculated MF-PADs were obtained within a partially relaxed-core Hartree–Fock
(partially RCHF) approximation with a molecular basis set obtained using Slater’s transition-
state approximation [29]. In this approximation the relaxed molecular orbitals are derived
from a self-consistent calculation where half an electron is removed from the oxygen K-
shell. This procedure attempts to capture effects arising from screening of the K-shell
hole while maintaining the calculation at the one-electron level. To avoid working with
non-orthogonal orbitals, we also use this molecular basis to construct the initial N-electron
state and the final N-electron state with an electron in the continuum [10]. To obtain the
photoelectron orbitals we used an iterative procedure to solve the Lippmann–Schwinger
equation associated with the one-electron Schro¨dinger equation [30] with a potential produced
by the transition-state orbitals. In figure 1, the calculated O 1s photoionization spectrum
is compared with the measured total-ion-yield (TIY) spectrum, which is equivalent to the
absorption spectrum. The maxima at the photon energies of ∼543 and 560 eV are well
reproduced by the calculations and are attributed to the 5σ ∗g and 4σ ∗u resonances, respectively,
as previously assigned [15]. The TIY spectrum includes the contributions from the valence
photoionization. Even if this is taken into account, the ratio of the resonant to the direct O
1s photoionization cross sections is overestimated by the present calculation. The measured
spectrum exhibits another maximum at ∼544 eV between the two shape resonances, whereas
the calculated one does not. The maximum at ∼544 eV in the measured spectrum is
attributed to the double excitations [15], which are not included in the calculation. The
measured 4σ ∗u resonance is broader than the calculated one, though the apparent broadening
may partly come from the appearance due to the baseline of TIY which is much higher
than the calculated ones and partly come from the double excitations neglected in the
calculations.
Figure 2 shows our measured (dots) and calculated (lines) MF-PADs for O 1s
photoemission from CO2, at photon energies of 543, 547, 550, 554, 559, 564 and 574 eV.
Our apparatus collects all ions and electrons ejected in 4π directions. In the data analysis,
however, we select the events in which the electron is ejected in the plane spanned by the
electric vector and the molecular orientation. To do this, in the laboratory frame, we define 18
planes, which include the electric vector, by 10◦ step. If the dipole approximation is fulfilled,
then the angular correlations in the events in all these planes are equivalent. In fact, we could
not see any anomaly in the events in any of these planes within the experimental statistics.
Thus we summed them over. In this way, the experimental MF-PADs in figure 2 are obtained.
The molecular axis for both the experimental and theoretical data is horizontal and the electric
9 See http://roentdek.com for details on the detectors.
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Figure 1. Total-ion-yield spectrum (dots) of CO2 in the energy region of the O 1s ionization region,
in an arbitrary scale, recorded with a photon energy resolution of 120 meV, and the amplitudes of
the dipole moments for the partial waves for the 1σu → σg and 1σg → σu channels calculated
within a partially RCHF approximation.
vector of the light is at 0 ± 7.5◦, 45 ± 7.5◦ and 90 ± 7.5◦ with respect to the molecular axis.
The distributions with the electric vector at 0◦ and 90◦ correspond to  →  (referred to
as ) and  →  () transitions, respectively. The angle resolutions in the MF-PADs are
estimated to be ∼15◦, which come from both the experimental angular resolutions and the
angular acceptance (a bin size of 5◦) in making the plots. For better comparison with the
measured data, the calculated MF-PADs in figure 2 have been convoluted with a Gaussian
distribution with a FWHM of 15◦. The distribution at each energy is normalized so that
the integrated intensity (area enclosed) for the  channel is unity for both the measured and
calculated spectra. The distributions for different orientations of the molecular axis (0◦, 45◦
and 90◦) are on relative scales.
We first focus on the MF-PADs for the  channel, where the electric vector is parallel
to the molecular axis. The partial wave composition (l = 0, 2, 4 and 6) of the calculated
photoionization amplitudes can provide useful insight into the angular distributions in this
channel. Figure 1 also includes these amplitudes. In this channel, there are two contributions,
1σg → σu and 1σu → σg . Even partial wave components arise in photoionization of the
1σu orbital. In the vicinity of the 5σ ∗g , located close to the threshold, we find that a l = 0
component is dominant. As the photon energy increases, the amplitude of the l = 0 component
decreases rapidly and higher l (2 and 4) contributions become dominant. In the photoionization
of the 1σg orbital, on the other hand, odd partial wave components arise. In addition to a
substantial p (l = 1) component expected for ionization of a 1σg (O 1s) orbital, higher l
(3 and 5) contributions are seen to be significant, not only at the shape resonance around
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Figure 2. MF-PADs for O 1s photoemission from CO2 molecules at photon energies of 543,
547, 550, 554, 559, 564 and 574 eV. The dots and curves correspond to measurements and
calculations, respectively. The direction of electric vector, E, is horizontal. The molecular axis is
at 0 ± 7.5◦, 45 ± 7.5◦ and 90 ± 7.5◦ with respect to E.
a photon energy of ∼560 eV, but also at lower and higher photoelectron energies. The
calculated angular distributions in the  channel in figure 2 reproduce the general features of
the measured spectra reasonably well, except at the photon energy of ∼564 eV. Agreement
between the calculated and measured MF-PADs at the photon energy of 564 eV in the 
channel is clearly less satisfactory than at the lower energies in figure 2. The calculated
distribution displays sharp structure which is not apparent in the measured spectra. A similar
disagreement in the shape resonance region was seen in the previous study on MF-PADs for C
1s photoemission from CO2 [12]. Finally, the calculated and measured MF-PAD at the highest
photoelectron energy studied here is quite good. A careful inspection of the measured MF-
PADs reveals that the MF-PADs display a reflection asymmetry for the plane perpendicular
to the molecular axis. The O 1s photoelectrons are preferentially ejected in the direction of
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Figure 3. Ratios of yields to the one side to the total as a function of the photon energy and
orientation of the electric vector relative to the molecular axis. See the text about the side.
fragmentation of the O+ ions for almost all photon energies. This asymmetry feature will be
discussed later.
In the  channel, where the electric vector is perpendicular to the molecular axis and no
shape resonance is seen, the shapes of the calculated and measured angular distributions are
in good agreement. The measured MF-PADs display asymmetry for the plane perpendicular
to the molecular axis. The O 1s photoelectrons are preferentially ejected in the direction of
fragmentation of the CO+ ions near the O 1s threshold. This tendency is opposite to the case
of the  channel.
Figure 2 also shows measured and calculated MF-PADs for an orientation of 45◦ between
the electric vector and the molecular axis. These distributions are determined by a coherent
mixture of the  and  channels and both the ratios of amplitudes and phases in these channels
play a significant role. These distributions can hence be additional benchmarks for testing
theoretical methods and models. In general, agreement between the calculated and measured
distributions is reasonable, except for the photon energy of 559 eV, and suggests that the
calculated phase relationship between the  and  channels is satisfactory. The calculated
MF-PADs show point symmetry whereas the measured MF-PADs show asymmetry near
the O 1s threshold. The O 1s photoelectrons are preferentially ejected in the direction of
the larger of the two sectors between the fragmentation direction of CO+ ions and the E
vector.
These MF-PADs for O 1s photoemission from CO2 display weak but non-negligible
reflection asymmetry for the plane perpendicular to the molecular axis for 0◦ and 90◦, and
reflection asymmetry for the centre of mass of the molecule for 45◦. The result may be
rationalized as follows. Anti-symmetric stretching vibrations are known to arise in the O 1s
ionized state [17, 18]. Coupled with this vibrational motion, the CO+2 ion has an asymmetric
equilibrium configuration for the plane perpendicular to the molecular axis. Thus one can
expect that the C–O bond, with the oxygen atom containing the core hole, elongates and results
in O+–CO+ fragmentation. In this case, the core hole resides on the O+ ion and an ejected
electron thus experiences an asymmetric potential resulting in a reflection asymmetry in the
MF-PADs. We note, however, that the asymmetry has been diluted. If the detection of the O+
were a 1:1 correspondence of the localized core hole, we would expect very strong reflection
asymmetry in the MF-PADs but the observed asymmetry is rather weak.
To see these asymmetries quantitatively, we estimate the ratio for yields of the one side
relative to the total yields for each MF-PAD and plot it in figure 3 as a function of photon
energy for the three orientations of the electric vector relative to the molecular axis. In the
figure the ratios for 0◦ and 90◦ are given by the counts of the left and right sides, respectively,
divided by the total counts, whereas the ratio for 45◦ is given by the counts of the upper
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side with respect to the line perpendicular to the electric vector, divided by the total counts.
The asymmetry is stronger at the lowest energies and becomes weaker with the increase in
energy. The asymmetry for 0◦ increases again at higher energy. We note that the momentum
k of the photoelectron at photon energy 574 eV is 2.93 A˚−1 while the O–O distance R is
2.324 A˚ and thus kR  2π . Therefore the observed oscillation of the asymmetry for 0◦
may stem from the interference effect corresponding to the extended x-ray absorption fine
structure.
In conclusion, we have reported on the results of measurements and calculations of MF-
PADs for O 1s photoemission from CO2, not only for the  and  channels, where the
molecular axis is parallel and perpendicular to the electric vector, but also for the molecular
axis oriented at 45◦ to the electric vector. The agreement between the measured and calculated
MF-PADs is on average very reasonable. The MF-PADs display a weak reflection asymmetry
through the plane perpendicular to the molecular axis which is attributed to symmetry lowering
due to the anti-symmetric stretching vibrations.
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